Preexisting receiver biases are well known and empirically supported alternatives or complements to signal evolution through coevolving mate choice, but largely neglected as drivers of sexually or socially selected agonistic signal evolution. In further pursuit of a recently revealed receiver bias for red agonistic signaling in Euplectes (17 species of widowbirds and bishops), we investigate here its presence in the yellow-crowned bishop (Euplectes afer), a representative of the earliest phylogenetic branch of the genus. In a captive population in southern Spain, where the yellow-crowned bishop is invasive, we staged and filmed 10-min dyadic contests over access to a feeder, between males with experimentally yellow-(control-) and red-painted crown plumage, respectively. Red males secured significantly more time at the feeder, and tended to win more of the limited number of supplant attempts observed. This suggests that the previously demonstrated agonistic signal function of red carotenoid coloration in widowbirds also applies to the bishop birds, and may derive from a receiver bias (aversion) that is substantially older than the convergent gains of red plumage pigmentation in Euplectes, and perhaps also predating the evolution of red in a few other weaverbird (Ploceidae) lineages. Given the similarities in ecology and behavior across Euplectes, the color diversity appears to primarily be a consequence of evolutionary limitations on mechanisms for achieving red coloration.
INTRODUCTION
The evolution of signal design and expression, in particular secondary sex traits, can be strongly influenced by preexisting receiver biases, for example, preferences or aversions derived from adaptive or by-product features of sensory or cognitive systems (Endler 1992; Arak and Enquist 1993; Endler and Basolo 1998; Ryan and Cummings 2013) . Such "receiver-precursor models" (Bradbury and Vehrencamp 2011) are mainly discussed as alternatives to adaptive (eugenic) mate choice (Andersson 1994) , whereas sexually or socially selected agonistic signals rarely are studied in this respect. A recent exception is the experimental demonstration of a receiver bias for red agonistic signaling in the yellow-signaling montane marsh widowbird (Euplectes psammocromius) (Ninnes and Andersson 2014) . Similar biases may be behind more of the many red agonistic color signals in birds (e.g., Peek 1972; Smith 1972; Eckert and Weatherhead 1987; Pryke et al. 2001; Pryke and Andersson 2003a, 2003b; Pryke and Griffith 2006; Murphy et al. 2009; Santos et al. 2011) , suggesting red as a universal, even innate, agonistic, or warning signal in birds (Pryke 2009; Svadova et al. 2009; Santos et al. 2011 ; but see McGraw et al. 2007 for exceptions) and other animals (e.g., Hill and Barton 2005; Khan et al. 2011; Hamilton et al. 2013; Elliot and Maier 2014) .
In the genus Euplectes (17 species of widowbirds and bishops), a receiver bias for red is particularly interesting, because their spectacular radiation of sexually selected signals show many signs of universal and generalized signal selection: 1) highly similar ecologies and polygynous mating systems (Craig 1980) , 2) directional and convergent evolution of red carotenoid displays derived at least twice from ancestral yellow (Prager and Andersson 2010) as well as of the other major signal, long tails, from a short-tailed ancestor , and 3) experimental evidence of generalization in both female mating preferences for supernormal tails (Andersson 1982; Pryke and Andersson 2008) and male contest competition (Ninnes and Andersson 2014) . In short, after painting the yellow wing patches of male montane marsh widowbirds (E. psammocromius) to a red color (reflectance closely matching that of red congeners), males had an increased likelihood of territory retention and of winning agonistic contests (Ninnes and Andersson 2014) . This finding, combined with the fact that the convergent gains of red plumage hues in Euplectes are based on distinctly different mechanisms; carotenoid conversion versus concentration (Andersson et al. 2007) , may indicate a universal receiver bias for red, and also supports a scenario of ornamental plumage diversity resulting from differential genetic or selective constraints rather than differential sexual selection.
Several questions remain, however, in particular concerning the universality and evolutionary age of the signal selection pressures. Since E. psammocromius is a relatively recently derived sister lineage to the red-signaling long-tailed widowbird (Euplectes progne) (Figure 1) , and with only marginally significant support for a yellow common ancestor (Prager and Andersson 2010) , it is unclear whether a receiver bias for red coloration arose multiple times (i.e., prior to each gain of red coloration), or whether it is ancestral to the entire genus. These alternative scenarios have important implications regarding the mechanisms generating signal diversification in this genus, and for the utility of receiverprecursor models in explaining the evolution of agonistic signals more generally. Here we ask whether a receiver bias selecting for red agonistic color signaling is present in the earliest branching lineage of the Euplectes phylogeny, represented by the yellow-crowned bishop (Euplectes afer), which branches off before the split into the 2 main clades of "red bishops" and "true widowbirds" (Prager et al. 2008 , Figure 1 ). In a captive population of the west African subspecies E. a. afer, we test the prediction that the yellow carotenoid coloration ) functions in male agonistic (threat) signaling, and that experimental introduction of a red color hue, similar to that of red congeners, increases male competitive dominance in staged dyadic conflicts over a food resource.
METHODS

Study species
The yellow-crowned bishop (E. afer) is a small (15.5-19.2 g) sexually and seasonally dimorphic polygynous weaverbird, native to Africa, South of the Sahara. Preceding the breeding season, males molt from their drab brown winter plumage to display a spectacular nuptial plumage with forehead, crown, nape, back and rump bright yellow from dietary carotenoid pigments , and the remaining body feathers jet-black. Males vigorously defend breeding territories in shrub/grassland vegetation, from which they typically display with their yellow crown feathers erected, attempting to repel rival males and attract females to nest (Craig 1980 ).
Subjects and study site
Experiments were performed during September 2012 on a captive population of yellow-crowned bishops (E. afer) housed in outdoor aviaries at Sanlúcar la Mayor, Southern Spain. All birds used in this study were wild-caught as adults (in mist nets) in January 2010 (thus were a minimum of 3 years old) from a large invasive population established in the surroundings of Doñana National Park (Huelva, Spain; see Sanz-Aguilar et al. 2014). Each male (along with 2-3 females) was housed in separate outdoor aviaries (1 m × 2 m × 2.2 m) visually isolated from other males. At this time of the year, all males displayed full nuptial plumage.
Preliminary trials
To guide our decisions on experimental setup, number and type of treatments to include, etc., we staged 13 dyadic contests using the red and control yellow treatments described below, and in addition a green control treatment (G02 Copic® art markers, Too Marker Products, Tokyo, Japan) in order to explore effects of novelty in general, as well as specific spectral changes (hue, chroma, brightness) not expected from the carotenoid color variation in the genus (Prager and Andersson 2010) . Sixteen males were randomly divided in 2 groups of 8, one assigned control (yellow) treatment, the other red (n = 5) or green (n = 3), followed by dyadic contests (see below) between control males and either red (n = 8 trials) or green (n = 5 trials) males. Based on zero, or even negative effects of the "novel green" treatment (see Results), which also is consistent with the lack of "novelty effects" in previous experiments (e.g., Pryke et al. 2002, Ninnes and Andersson 2014) , the "novel green" treatment was subsequently abandoned to maximize sample sizes. No data from preliminary trials were included in the analyses of the main trials.
Main trials
The main trials, that is, dyadic contests between red and control (yellow) males, were conducted as follows: twenty males, that had been housed in separate and visually isolated cages (each accompanied by 2 females), were selected for use in dyadic contests. Each male was measured with respect to tarsus length, body mass, spectral reflectance (see below), and randomly assigned to either a red (n = 10) or control (yellow, n = 10) treatment group, in which we manipulated the yellow crown coloration using Copic® art markers R29 and Y13, respectively (Too Marker Products). The yellow crown and chest are both likely plumage patches to, if any, be involved in threat signaling, but due to the irregularity and variability of the melanin brown-flecked chest patch, the manipulation was Figure 2 Mean spectral reflectance for crown plumage of natural (pre-manipulation) yellow Euplectes afer (n = 10), yellow (control) treatment (n = 6), red treatment (n = 4), green treatment (n = 2) and, for comparison, the congeneric red bishop (Euplectes orix) crown plumage (n = 10).
restricted to the more easily standardized crown reddening. Spectral reflectance measurements were retaken after manipulation, and males were transferred to standardized experimental cages that were located in a 3-walled room with transparent roof, and thus subjected to ambient environmental conditions. Experimental cages were 100 cm × 35 cm × 35 cm, and could be divided in up to 4 sections (of 25 cm × 35 cm × 35 cm) using opaque or transparent dividers. During the day (except for when dyadic contests were underway), all males were kept physically and visually isolated from each other in half-cage sections (50 cm × 35 cm × 35 cm) and provided with food and water ad libitum. The evening before the trial, all food was removed to ensure motivation of individuals to compete for food resources during trials the following morning. This food removal was staggered according to the schedule for the following days trials, to standardize the level of motivation (time of food deprivation) across trials. Experimental cages were partitioned (using both transparent and opaque dividers) into 3 compartments, with each male in a visually isolated compartment of 25 cm × 35 cm × 35 cm at either end of the cage (containing a perch with water but not food), separated by an unoccupied central compartment of 50 cm × 35 cm × 35 cm, which contained a central feeder with only one perch. The side of the cage in which each bird began the trial was alternated across trials to control for any possible position bias. Dropped food passed through the wire floor of the suspended test cage so that food was only ever available at the feeder.
Trials (N = 65) commenced 1 h after sunrise and all trials were completed a maximum of 2 h later. No individual bird was tested more than once against any given opponent, with each male used in between 2 to 8 trials (mean = 6.5 trials), and pairs almost always equal in the number of trials they had experienced. Dyadic pairs in each trial were randomly chosen from each treatment group (i.e., excluding previously used dyads). After completion of each morning's trials, males were assorted into visually isolated half-cages (50 cm × 35 cm × 35 cm) according to the dyadic combinations scheduled for the following morning, and provided with ad libitum food and water.
At least 10 min before trials started, opaque dividers were removed so that males could see their opponent and the feeder while remaining physically isolated. Trials commenced when obscured observers simultaneously removed the 2 transparent dividers. All trials were run for 10 min, and were video recorded for subsequent annotation. The time (seconds) spent at the feeder, and the number of supplants, were extracted for analysis. Supplants were defined as one male actively displacing the other from the feeder, either physically, or by forcing the other male to retreat through an aggressive approach.
Birds were kept in captivity under permit SGYB/FOA/AFR from the Consejería de Medio Ambiente, Junta de Andalucía, in the authorized centre for experimental avian research SE/16/U (REGA ES410910008016).
Reflectance and colorimetrics
Reflectance spectrometry methods and objective colorimetrics follow Andersson and Prager (2006) , and are identical to earlier studies. Briefly, we used a USB2000 spectroradiometer system (Ocean Optics Inc., Dunedin, FL), including a fiber-optic reflectance probe, illumination from a HL2000 halogen light source, and C-Spec software (Ancal Inc., Las Vegas, NV). A WS-2 white reference was scanned prior to measuring each individual. As detailed in Andersson and Prager (2006) , we used a "coincident normal" measuring configuration with a homemade probe holder, taking 3 scans and removing the probe between each. As in all previous reflectance analyses in Euplectes, we computed the hue ("spectral location") metric λ R50 (wavelength at which reflectance is halfway between its minimum and its maximum), which is the most meaningful and also least noisy and error-prone objective reflectance variation for saturated carotenoid coloration (see Andersson and Prager 2006) . However, metrics of Brightness (R AV ), and Chroma (Chr) were also computed and analyzed.
Statistical analysis
Since the response variable "seconds at feeder" was normally distributed (Shapiro-Wilk test, P = 0.197), a linear mixed model (LMM) was used. The LMM was constructed with a repeated measures design, with trial number specified as the experimental units, and each individual within a trial as the repeated measure (experimental subunits). This design has been recommended for the analysis of contest data as it accounts for the nonindependence of individuals within a trial (Briffa and Elwood 2010) ; that is, both individuals within a trial experience the same set of circumstances of that unique contest, as well as that the amount of seconds spent at the feeder by one contestant affects how many seconds the other contestant could have possibly spent at the feeder. Treatment was specified as a fixed factor, and individual ID as a random factor (except for the preliminary data due to lack of power). We controlled for the following potential covariates: "body mass difference," "tarsus length difference," difference in pre-manipulation colorimetrics (hue, brightness, and chroma), cage side (from which males began a trial), and the cumulative number of trials a male had experienced. Clearly nonsignificant (P ≥ 0.2) variables were sequentially excluded (in order of least significance), and a minimum adequate model was reached with reference to Akaike information criterion values.
The response variable "number of supplants" was not normally distributed, so a generalized linear mixed model (GLMM) with a negative binomial distribution and log link function, appropriate for count data, was used (the data was under-dispersed against a Poisson distribution, but a good fit to the negative binomial). Apart from this, predictors and covariates were specified and included as above.
Finally, binary "win/loss" response variables, based on both "time at feeder" and "supplants," were also examined using GLMM's with a binomial distribution and logit link function, and with the same fixed factors and random factor described above, but as the outputs were very similar to the previous models, they were not presented. All analyses were conducted using SPSS 17 (SPSS Inc., Chicago, IL). Figure 2 shows mean spectral reflectances (400-700 nm) of the red, yellow (control), and green (used in preliminary trials) treatments, the natural (pre-manipulation) crown plumage and, for comparison, the crown plumage of red bishops (Euplectes orix), measured in South Africa, November 2014, showing that the red treatment closely corresponded to the natural red color of E. orix. The colorimetrics for each category were as follows (mean ± 95% CI): Hue (λ R50 ); natural, 528.2 ± 1.78; control manip, 530.56 ± 1.79; red manip, 606.25 ± 2.49; green manip, 508 ± 1.95; red bishop, 592.37 ± 3.05. Brightness; natural, 0.400 ± 0.017; control manip, 0.393 ± 0.025; red manip, 0.217 ± 0.020; green manip, 0.064 ± 0.018; red bishop, 0.209 ± 0.023. Chroma; natural, 1.87 ± 0.04; control manip, 1.92 ± 0.05; red manip, 2.90 ± 0.09; green manip, 2.79 ± 0.70; red bishop, 2.70 ± 0.32.
RESULTS
When trials commenced, both individuals appeared highly motivated to obtain food, and supplant attempts between individuals usually quickly ensued. The frequencies of supplant attempts quickly decreased over time; on average 78% of supplants within a trial occurred within the first 2 min, and 96% of all supplants occurred within the first 5 min, with one individual apparently achieving dominance over the feeder (although leaving it briefly to visit a water dispenser, located at either end of the cage, allowing the other supposedly subordinate male to acquire some food).
Preliminary trials
For red versus control trials, treatment (P = 0.006) and mass difference (P = 0.032) were the only significant predictors of seconds at feeder (other factors, P > 0.35), with red males securing more time (346 s ± 61.7) than did control males (125.1 s ± 32.5), despite a negative mass difference (−0.45 g ± 0.73) (mean ± standard error). With number of supplants as the response variable, there was no significant difference between red (2 ± 1.05) and control males (1.38 ± 0.86) (tarsus difference P = 0.063; all other factors P > 0.41).
For contests between green and control males, green had less time (129.2 s ± 44.6) at feeder than did control males (230.4 s ± 50), although treatment was not a significant predictor (P = 0.17; all other factors, P > 0.34). Control males performed 1.6 ± 0.87 supplants, whilst green males did not perform any supplants in any of their trials.
Main trials
Treatment was a significant predictor of "seconds at feeder" (F = 10.24, P = 0.005; Figure 3) , with red-manipulated birds accessing the feeder for 304 ± 51 s compared with 198 ± 48 s for control birds (estimated marginal means ± 95% CIs; Figure 3 ). After initially including the variables "body mass difference," "tarsus length difference," differences in pre-manipulation colorimetrics (hue, brightness, chroma), "starting cage side," and "cumulative trial count" in the model, none approached statistical significance (P = 0.31-0.93) and were subsequently sequentially excluded.
There was no significant difference (F = 2.02, P = 0.16; Figure 3 ) in the number of supplants performed by red-manipulated males (2.82; [1.50-5.32]) compared with control males (1.48; [0.79-2.80]; estimated marginal means; [95% CLs]). As above, all potential covariates were nonsignificant (P = 0.30-0.81) and sequentially removed to produce the final model.
DISCUSSION
We explored the hypothesis that a receiver bias underlies the convergence on red agonistic color signaling in the genus Euplectes (Prager and Andersson 2010; Ninnes and Andersson 2014) , by asking if a bias for (or, rather, aversion to) red color is present in the yellow-crowned bishop (E. afer), a representative of the earliest split off branch in the Euplectes phylogeny (Prager et al. 2008) , and thus an outgroup to the gains of red plumage pigmentation in the genus. In dyadic interactions between food-deprived males over access to a small feeder, males with experimentally reddened crown plumage secured significantly more time at the feeder than their control (yellow) painted opponents. This corroborates the agonistic signal function of red carotenoid coloration in 2 red Pryke and Andersson 2003a ) and 1 yellow (Ninnes and Andersson 2014 ) Euplectes species, and suggests that a perceptual bias or aversion to red in male-male contest competition may be a quite common phenomenon in birds (see e.g., Pryke 2009; Santos et al. 2011) , and in this case a preexisting receiver bias at least as old as the genus itself (see below).
Based on the nature of both intra-and inter-specific carotenoidbased reflectance variation in Euplectes (Prager and Andersson 2010) , and previous experimental color manipulations (see e.g., Ninnes and Andersson 2014), we naturally focus on hue (spectral location) as the central color metric in this experiment, but other aspects of pre-or post-manipulation plumage color were also considered. Whereas all pre-manipulation colorimetrics (including hue) were nonsignificant in all models, the single experimental and control treatments, can of course not be used to tease apart the relative importance of hue, brightness, and chroma. However, one purpose of the preliminary trials was to control for a potential effect of a novel color change in another direction (in this case green) compared with the main treatment (in the predicted direction of a receiver bias towards red). The nonsignificant negative effect of the green treatment argues against a novelty effect, and also against the possibility that brightness or chroma were the effective aspects of the red treatment. Although avian color cognition surely is a composite of all these dimensions, these and previous studies strongly imply hue (or spectral position sensu Hailman 1977) as the main dimension on which selection is acting. Finally, as regards implications of and for honest signaling, although not a main concern here; in saturated carotenoid colors, hue variation is the only reliable correlate of pigment concentration (Andersson and Prager 2006) . Consistent with the results for "time at feeder," there was a tendency for reddened males to win more supplant challenges than control males, however this difference was not statistically significant. This lack of significance is likely a consequence of low mean numbers of supplant attempts per trial (relative to the variation), for which we explore 2 main explanations. First, although supplants (or some other physical outcome of "winning" a contest) is a commonly used metric of social dominance, measurement of supplants alone in behavioral trials may fail to detect the strongest effect (and ultimately the adaptive function) of status signaling, namely the avoidance of interactions altogether by subordinate individuals refraining from challenging a clearly dominant opponent. Due to the dramatic and supernormal signal exaggeration in this study, such passive and undetected responses may have deflated and biased the results in regard to the number of interactions "won," but not in regard to "time at feeder," which we therefore believe is a better proxy of dominance in this case.
The second possible explanation for the lack of significant predictors of supplants is diametrically opposite from the first, namely that there was a partial or complete breakdown of status signaling caused by strong motivation, such as hunger (see e.g., Andersson and Åhlund 1991) . This explanation is supported by our finding that the frequencies of supplant attempts quickly decreased after each bird had acquired even a very short time at the feeder (i.e., had alleviated a critical motivation level). We used food deprivation methods similar to those used in other studies on related species (e.g., Pryke and Andersson 2003b; Edler and Friedl 2010) ; future studies could test if a shorter food deprivation time (i.e., reduced motivation) would produce different results in relation to supplants.
While there are numerous studies of preexisting receiver biases for epigamic (mate choice) signal traits (Ryan and Cummings 2013) , the selective origins of agonistic (threat) signals (whether sexually or socially selected) are largely unexplored in this respect (but see Stephenson and Ramírez-Bautista 2012) . A receiver bias for red in extant yellow-signaling Euplectes is exciting, particularly the indication from this study that the bias (and thus signal selection pressure) may have been present in the earliest ancestor of the genus and thus may have driven the convergent gains of red carotenoid plumage signals, once in "red bishops" and once or twice in the clade of "true widowbirds" (Prager and Andersson 2010;  Figure 1 ). Any distinctions between parallelism and convergence (Bloch et al. 2015) will depend on the underlying mechanism(s) and genetics, which are beyond the scope of this article, but the general implication is that receiver-precursor (Bradbury and Vehrencamp 2011) or perceptual bias (Ryan and Cummings 2013 ) models should also be applied to intrasexual and social signal evolution. Indeed, preexisting biases may even be more influential drivers of agonistic signal design compared with mate choice signals, in which coevolutionary Fisherian or "good genes" processes may override inherent biases.
The apparently generalized response to, and universal selection pressure for, longer-wavelength plumage hues in Euplectes implies that some constraint is preventing the evolution of red in the 7 (of 17) extant species that retain the ancestral yellow phenotype (Prager and Andersson 2010 ). An obvious potential ecological constraint on carotenoid coloration is dietary access to the plumage pigments or their metabolic precursors, but there is very little scope for such variation in Euplectes, due to their highly similar diets (grass seeds) and carotenoid uptake (Andersson et al. 2007 ). Another social constraint on signal evolution could be species recognition, in this case that a red hue would reduce attractiveness to conspecific females ("hybridization avoidance"), or incur aggression from other (red) species. At first, this seems unlikely in regard to tail elongation (Andersson 1982; ; but see Pryke and Andersson 2008) , and also for color hues or patterns; in a previous experiment (Ninnes and Andersson 2014 ) red-manipulated E. psammocromius seemed to attract females just as successfully, and did not suffer attacks from sympatrically breeding Euplectes axillaris (the red wing patches of which were almost indistinguishable from manipulated E. psammocromius). But in the case of some other yellow Euplectes, in particular E. afer, they are smaller than sympatric red species (e.g., the fire-crowned bishop, Euplectes hordeaceus), from which it may be very costly to cite aggression. However, because the invasive population of E. afer at Doñana National Park is not sympatric with (and thus have never encountered) any red congeners, the receiver bias to red detected in this study must be inherent, and not learned.
Finally, even though some selective (or "adaptive") constraints may be counteracting the evolution of red carotenoid displays in some of the yellow species, the most likely scenario seems to be phylogenetic inertia. In other words, that the evolution of red in yellow Euplectes is prevented by genetic ("hardwired") constraints, in particular the capacity to convert dietary yellow precursors to red "ketocarotenoids" (Andersson et al. 2007 ).
In summary, by indicating a receiver bias selecting for novel red coloration in a yellow-signaling lineage that is an outgroup relative to the subsequent gains of red signals in the genus (Prager and Andersson 2010) , this study highlights the importance to consider receiver-precursor models (or "perceptual biases" sensu Ryan and Cummings 2013) not only in the context of sexual selection through female choice, but also as regards the evolution and remarkable diversification of both sexual and social agonistic signals in nature.
FUNDING
